Two specific questions are addressed concerning the role of tidal hydrodynamics in determining the long-term morphologic evolution of the Nauset Beach-Monomoy Island barrier system and the Chatham Harbor-Pleasant Bay tidal estuary, Massachusetts: (1) why do the barrier and estuary exhibit a long-term (•-150 yr) cycle of new inlet formation, and (2) once a new inlet forms, why is the resulting multiple inlet system unstable? To address these questions, a branched 1-d numerical model is used to recreate the basic flow patterns in the tidal estuary at ten-year intervals during the last half century and also to recreate flow conditions shortly before and shortly after the formation of the new inlet. Results suggest that an inlet will form through Nauset Beach once southerly elongation of the barrier has led to a critical head across the barrier at high tide. If this critical head (enhanced by storm surge and wave set-up) exists at high tide during consecutive tidal cycles, flood currents can deepen the overwash channel sufficiently to enable the stronger ebb currents to complete the formation process. Once a new inlet has formed, the surface gradient and tidal discharge are drastically reduced along the preexisting channel to the south of the inlet. This reduction eliminates the tidal 
Introduction
Tidal inlets between barrier spits and/or barrier islands change continually. Unless restricted by engineering structures or by naturally occurring obstacles such as resistant subsurface lithologies (FitzGerald and FitzGerald, 1977), they commonly migrate alongshore, frequently -but not always -in a downdrift direction (Aubrey and Speer, 1984) . During severe storms accompanied by unusually high sea levels and waves attacking the outer barrier, new inlets may form and pre-existing inlets may'close. Under most circumstances the general fom• and structure of the barrier through which the inlets pass remain intact despite such changes in the inlets themselves. However, an entirely different situation can be found in cases involving inlets situated at the downdrift end of barrier systems. Here, the barrier spit or island itself may A striking feature of this barrier system is its long period (150 yr) cycle of change (Fig. 2) . In its simplest form, the system consists of two unbroken barriers, Nauset Beach and Monomoy Island, and all tidal flow between the ocean and the Chatham Harbor-Pleasant Bay estuary passes through a single tidal inlet (South Inlet) located immediately south of Nauset Beach (Fig. 2 The numerical modeling performed in this study was diagnostic in ,nature rather than predictive. Our aim was to determine which aspects of the barrier and estuary geometry control the fundamental hydrodynamic patterns and therefore most strongly influence patterns of morphologic evolution. Our aim was not to reproduce exactly observed time series of tidal elevation and/or velocity. Therefore, to isolate the geometric features of interest, we chose to model the tidal estuary simply, using constant depth, rectangular channels.
We chose a uniform depth of 2.5 meters (relative to mean sea level at the inlets), which is approximately the average depth of the Chatham HarborPleasant Bay estuary. We also chose a constant channel width of 300 meters throughout the embayment, except in the immediate vicinity of Pleasant Bay, where the model width increased to 2000 meters (Fig. 3) . The model was not "tuned" in any way.
Comparison with Field Data
Field data were collected as part of a larger observational study which investigated the overall morphological response of the barrier system to the 
Examination of Cyclical Behavior
To investigate the role of tidal hydrodynamics in cyclical barrier breaching, we used the numerical model to recreate the basic flow patterns in the Chatham Harbor-Pleasant Bay estuary at ten-year intervals between 1936 and 1986 (first six configurations in Fig. 5 ). The historical geometries are based on previous studies of the morphologic evolution of the Nauset BeachMonomoy Island barrier system (Giese, 1978 (Giese, , 1988 . During the first three ten-year periods (Fig. 5) , the system had only one inlet, and the corresponding We examined the elevations produced by the six historical models at the site of the 1987 breach under mean tidal conditions (Fig. 6a) . Tidal evolution is as might be expected, consisting of monotonically reduced tidal range, increasing phase lag, increasing mean water level set-up, and increasing tidal nonlinearity (larger MJM, ratio). From the modeled elevations, we calculated the maximum tidal head across the barrier around both ocean high and ocean low tide (Fig. 6b) These results suggest that tidal inlet formation through Nauset Beach requires in addition to the initiating storm wave overwash critical tidal heads across the barrier at ocean high as well as ocean low tide. Nauset Beach has been subject to numerous washovers since the turn of the century, for example during the severe winter storm of 6 February 1978 which breached Monomoy Island. Yet these earlier washovers of Nauset Beach failed to develop into permanent inlets• even though the head across the barrier at low tide already may have attained its maximum pre-breach value. Our model results suggest that the initial stage of inlet formation, when the overwash channel is deepened by strong flood currents, is crucial to permanent inlet formation. Only if and when the channel becomes deeply scoured by strong flood currents, can the even stronger ebb currents complete the formation process.
Thus it appears that the time interval between episodes of inlet formation depends ultimately on the development of a critical ocean high tide head accompanied by adequate ocean low tide gradient. This critical head results from distortion of the tidal elevation signal within the estuary at the site of the potential inlet. At Chatham, the distortion develops in response to physical changes in the form of the barrier and estuary, specifically the elongation of Nauset Beach and the formation of West Channel.
The behavior of the incipient inlet during the early days of January, 1987, supports our hypothesis of a critical high tide head. The breaching began with an overwash channel produced at perigean spring high tide during a severe easterly storm. For the first several days following that initial breaching, the new channel • while presumably deepening with each successive flood tide was not deep enough to permit appreciable ebb flow, and across-barrier sediment transport was largely westward (see Fig. 1 ). It appears that only after sufficient channel deepening had been produced by flood currents, were the ebbs • driven by even greater heads • able to complete formation of New Inlet.
Of course other factors contribute to the breaching. Storm surge is required to raise mean water level in both the ocean and lagoon, so that the barrier can be overwashed and the hydraulic link can be established. This initial superelevation appears critical to the process to allow the pressure gradients to work. In addition, wave set-up on the ocean side of the barrier acts to (Fig. 7) . Through West Channel, for example, modeled discharge near low water reversed direction after the development of New Inlet and discharge near high water increased markedly. Yet the most drastic changes in modeled discharge after the formation of New Inlet occurred in Middle Channel. After the breach of Nauset Beach, discharge through Middle Channel reversed direction relative to pre-breach conditions and decreased dramatically in magnitude (Fig. 8) . The large decrease in modeled discharge through Middle Channel was a direct result of a drastically reduced surface gradient (Fig. 7) . Before the breach, the maximum change in surface elevation over the length of Middle Channel was 20 to 30 cm. After the breach it was less than 10 cm. To address question (1) specifically, the numerical model was used to recreate the basic flow patterns in the tidal estuary at ten-year intervals during the last half century. Modeling results suggest that an inlet will form through Nauset Beach when southerly elongation of the barrier has led to a critical shoredirected head across the barrier at ocean high tide. Only if a critical head exists at high tide during consecutive tidal cycles can flood currents deepen the overwash channel sufficiently to enable the stronger ebb currents to complete the formation process. Other factors, such as storm surge, wave set-up, preexisting barrier geometry, and perhaps groundwater behavior, can contribute to the breaching. Model trends suggest the inlet formation potential at other sites may be described by similar studies. Other areas of Cape Cod, such as Nauset Inlet to the north and Popponesset Inlet at Mashpee, experience barrier spit elongation and hence changes in tidal properties within embayments served by inlets.
